The total momentum transfer from fast electron beams, like those employed in scanning transmission electron microscopy ͑STEM͒, to plasmonic nanoparticles is calculated. The momentum transfer is obtained by integrating the electromagnetic forces acting on the particles over time. Numerical results for single and dimer metallic nanoparticles are presented, for sizes ranging between 2 and 80 nm. We analyze the momentum transfer in the case of metallic dimers where the different relevant parameters such as particle size, interparticle distance, and electron beam impact parameter are modified. It is shown that depending on the specific values of the parameters, the total momentum transfer yields a force that can be either attractive or repulsive. The time-average forces calculated for electron beams commonly employed in STEM are on the order of piconewtons, comparable in magnitude to optical forces and are thus capable of producing movement in the nanoparticles. This effect can be exploited in mechanical control of nanoparticle induced motion.
I. INTRODUCTION
Electrons have been used since the middle of the last century as a probe to obtain information on the nature and properties of condensed and soft matter. Scanning transmission electron microscope ͑STEM͒ has been shown to be an efficient tool to probe electronic excitations in structures at nanometric scales. [1] [2] [3] [4] [5] [6] [7] [8] Nowadays, modern electron microscopes achieve atomic resolution, with high electron energies between 200 and 300 keV and very well focused beams, down to 0.8-0.9 Å, renewing and stimulating the interest in the interaction of high-energy electron beams with interfaces and particles. [9] [10] [11] [12] A recent and novel observation shows that STEM can induce motion in clusters of metallic nanoparticles. 13 Electrons couple electromagnetically to the particles, inducing surface-charge-density excitations, known as surface plasmons, 14, 15 producing local fields that transfer momentum to the particles. In the case of a single particle, this momentum transfer depends on the impact parameter of the electron beam, on the size of the nanoparticle, and on the dielectric response of the material the particle is made of. 16 In the case of a dimer, in addition to the interaction between the surface-charge-density excitations induced on the particle and the electron, the interaction between the two particles plays an important role, generating even more localized plasmons between the particles [17] [18] [19] [20] which are a consequence of the hybridization of the single-particle modes. 21 These hybridized modes are responsible for the electromagnetic field enhancement present in the interparticle junction. For very short separation distances between particles, this field enhancement can be extremely large 20, 22 and consequently the forces acting on the particles become quite strong.
In this work, we present calculations of the total momentum transfer from fast electrons to single and dimer metallic nanoparticles in typical STEM experimental configurations. In the case of a single particle, characterized with a dielectric function ͑͒, it is shown that the forces acting on the particle can be attractive, i.e., the particle moves toward the electron trajectory, or repulsive, moving the particle away from the electron trajectory, depending on the specific values of particle size and electron impact parameter, in agreement with previous work. 16 In the case of a metallic dimer, where the separation distance between the particles becomes another relevant parameter, it is shown that for specific values of these parameters the interaction between the electron and the particles can drive the two particles together ͑we also have observed that the particles can be driven apart for suitable set of parameters͒. The magnitude of the calculated time-average forces acting on the nanoparticles is comparable in magnitude to the laser-induced forces ͑on the order of piconewtons͒ reported in previous work on metallic nanoparticle clusters, both with use of a nonretarded approach 23 and a full electromagnetic approach. 24, 25 Several factors such as the interaction between the particles and the supporting substrate material, charging effects, heating of the particles, etcetera, can have an effect in the motion of particles under the influence of an electron beam. Nevertheless, we focus here on the mechanism driven by electromagnetic forces induced by fast electron beams through the excitation of localized surface plasmons on the metallic nanoparticles. We show that these forces can be strong enough to drive particles together, yielding coalescence phenomenon as had been recently observed experimentally. 13 
II. THEORY
The total momentum transfer P ជ from a fast electron to a particle in vacuum can be calculated by adding the contributions to the force produced on the particle along the electron trajectory, 26 or equivalently integrating over time the instantaneous force F ជ mec ͑t͒. Considering the equation for the conservation of momentum 27 and integrating it over time, the total momentum transfer P ជ is given by
͑1͒
where P ជ mec is the mechanical momentum, P ជ EM is the linear momentum carried by the electromagnetic field, and T J ͑r ជ ; t͒ is the Maxwell stress tensor. Here S denotes a closed surface surrounding the particle that experiences the force and d ជ a is the differential area vector normal to the surface S, pointing outwardly.
The term corresponding to the electromagnetic momentum, P ជ EM , does not contribute to the total momentum transfer from the electron to the particle. 28 The total momentum transfer is therefore given by
We identify now d / dtP ជ mec ͑t͒ as the mechanical force F ជ mec ͑t͒ and substitute in the first integral of Eq. ͑2͒ its Fourier transform. We interchange the order of integration and write
where we can observe that the total momentum transfer is given by the = 0 component of the Fourier transform of the mechanical force. On the other hand, from Eq. ͑1͒, the total momentum transfer is given by
͑4͒
Considering the Fourier transform in the time domain of the Maxwell stress tensor, one can identify the time integral of T J ͑r ជ ; t͒ inside the square brackets in Eq. ͑4͒ as the zerofrequency component of the Maxwell stress tensor, T J ͑r ជ ; =0͒. Thus, one can write the expression for the total momentum transfer as follows:
The Maxwell stress tensor in dyadic form, using SI system of units, 27 is given by
where E ជ ͑r ជ ; t͒ is the electric field and H ជ ͑r ជ ; t͒ is the H field. Replacing the electric and H fields by their corresponding Fourier transform, and using that E ជ ‫ء‬ ͑͒ = E ជ ͑−͒, since E ជ ͑t͒ is a real function, the first term on the right-hand side of Eq. ͑6͒ becomes
Since E ជ ͑t͒ is a real-valued function, it is possible to show that the product E ជ ͑r ជ ; ͒E ជ ‫ء‬ ͑r ជ ; ͒ ͑same stands for H͒ is an even function in , thus performing the same procedure over the other three terms on the right-hand side of Eq. ͑6͒, we finally obtain
where
͑9͒
Note that the expression inside the square brackets of Eq. ͑9͒ is not the Fourier transform of the Maxwell stress tensor, nor the Fourier transform of the force, it is rather T J ͑r ជ ; =0͒. Thus, as shown in Eq. ͑5͒, the total momentum transfer corresponds to the = 0 component of T J ͑r ជ ; ͒, the time average of the instantaneous momentum transfer. In Eq. ͑9͒, E ជ and H ជ stand for the total electric and magnetic field, which are given by the sum of the external fields E ជ ext and H ជ ext ͑the ones produced by the bare electron͒ and the induced fields E ជ ind and H ជ ind ,
In a plasmonic particle or dimer, the integration of the total field will give us the total momentum transfer. The type of response of the particle will be responsible of the type of momentum transfer produced. We will focus on metallic particles described by a Drude-type response function, and also on Au particles where the optical response includes both plasmonic response and interband transitions. In a particle presenting pure plasmonic resonances, the reaction force as the one coming from a simple harmonic oscillator changes sign ͑phase͒ as the driving force frequency is shifted through the resonance. The reaction force is in phase below resonance frequency and out of phase above the resonant frequency. This effect will be clear in Drude-type particles, as we will detail below. In more realistic particles such as gold particles, the response of the material can present highfrequency tails that actually govern the characteristics of the force. In this case, it might be more proper to speak of "dielectric" forces rather than purely "plasmonic" forces. We will show both types of particles for completeness.
III. MOMENTUM TRANSFER OF A FAST ELECTRON TO A SINGLE METALLIC NANOPARTICLE
First we study the momentum transfer from an electron to a single metallic spherical nanoparticle considering two cases: a metallic nanosphere characterized by a dielectric response function given by the Drude model and a gold metallic nanosphere characterized by an experimental bulk dielectric function.
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A. Drude-type nanosphere
Let us consider the calculation of the total momentum transfer from a fast electron to a single spherical particle in vacuum, characterized by a dielectric response function ͑͒ given by the Drude model,
with the plasma frequency p = 15.1 eV and damping ⌫ = 0.15 eV ͑simulating an aluminum particle͒. Let us consider the particle, with a radius R, centered at the origin of the coordinate system, and a fast electron traveling in the proximity of the nanoparticle with velocity v ϳ c, being c the speed of light in vacuum, and impact parameter b, as schematically shown in Fig. 1͑a͒ . The calculation of the total momentum transfer, Eq. ͑8͒, requires the knowledge of the total electric and magnetic fields over a closed surface surrounding the particle in order to perform the surface integral. The total electric ͑magnetic͒ field outside the particle at any point, is given by superposition of the external electric ͑magnetic͒ field, produced by the bare electron, and the induced electric ͑magnetic͒ field produced by the induced charges and currents within the particle ͓see Eq. ͑10͔͒. The external electromagnetic fields produced by a bare electron traveling with speed v parallel to the x axis, with y = 0 and z = z 0 = R + b, are given by
͑Color online͒ Schematic representation of a fast electron moving with speed v and impact parameter b with respect to: ͑a͒ single polarizable particle and ͑b͒ dimer of polarizable particles separated by a distance d. in is the dielectric function characterizing each particle and 0 is the dielectric function of vacuum.
where −e is the electric charge of the electron, ␥ =1/ ͱ 1−͑v 2 / c 2 ͒. Here K 0 and K 1 are the modified Bessel functions of order zero and one, respectively. 30 The electromagnetic induced fields can be obtained by solving Maxwell's equations, using extended Mie theory to obtain analytical expressions for the fields near a single spherical scatterer. The procedure to obtain the expressions consists in expressing the electromagnetic fields in all regions of space in terms of a spherical basis centered at the sphere, and by imposing standard boundary conditions on the surface of the sphere the coefficients of the induced fields can be calculated. An alternative but equivalent formalism based on writing the fields in terms of scalar functions was developed previously. 31 The explicit expressions of the electromagnetic fields are detailed in the Appendix.
We consider the case of a small particle of radius R = 1 nm and calculate the differential momentum transfer per unit frequency, dP ជ / d ͓see Eq. ͑9͔͒, as a function of the frequency. 32 In this way, we are able to observe directly the main components and sign of the differential momentum transfer that contributes to the total momentum transfer in frequency space, that is, we obtain spectral information of the particle response to the broadband probing electron. The validity of the dielectric formalism for such small particles has been proven to be adequate in similar nanoparticle sizes ͑silver particles of size down to 1-2 nm͒ with extremely good agreement between the energy of the plasmon losses theoretically calculated within the dielectric formalism and the energy loss peaks experimentally obtained in electronenergy-loss spectroscopy. 2, 9, 33, 34 The total momentum transfer is a vector but due to the symmetry of the problem there is no momentum transfer in the y component ͓see Fig. 1͑a͔͒ . In Fig. 2͑a͒ we show dP x / d as a function of the frequency, that is, the x component ͑the longitudinal component along the electron trajectory͒ of the differential momentum transfer per unit frequency, for several impact parameters between b = 0.5 and 10 nm. We observe that the dipolar plasmon mode ͑l =1͒, located at ប Ϸ ប p / ͱ 3 Ϸ 8.72 eV, is the most efficiently excited mode, but a quadrupolar, l =2, ͑ប Ϸ 9.55 eV͒ and octopolar, l =3, ͑ប Ϸ 9.89 eV͒ plasmon modes can also be distinguished, particularly for the closest impact parameter b = 0.5 nm. In the inset of Fig. 2͑a͒ we show the total momentum transfer in the x direction as a function of the impact parameter b, obtained after integration for each impact parameter b ͓see Eq. ͑8͔͒. For large values of b, the electromagnetic fields produced by the fast electron excite poorly the surface plasmon modes of the sphere, and there is practically no momentum transfer to the particle. However, as the electron passes closer to the particle, the momentum transfer increases monotonically and quickly, particularly for impact parameters b Շ 5 nm.
The differential momentum transfer per unit frequency along the z component, dP z / d, which corresponds to the direction perpendicular to the electron trajectory, is shown in Fig. 2͑b͒ as a function of frequency for the same range of values of the impact parameter as in Fig. 2͑a͒ . We observe that the spectral structure of dP z / d corresponds to a superposition of several resonant modes, each one having a Lorentzian derivative shape ͓see Fig. 2͑b͔͒ . Each resonant mode corresponds to a plasmon mode, thus in Fig. 2͑b͒ we can clearly distinguish the excitation of three lower plasmon modes ͓indicated in Fig. 2͑b͒ by the first three black arrows, from left to right͔. For each plasmon mode l the contribution to the momentum transfer of frequencies lower than the resonance frequency l is positive or, in other words, these contributions to the momentum transfer induce an attractive force between the electron and the particle. For frequencies larger than l the momentum transfer produces a repulsive force. Here by the term attractive we want to stress that the particle will move toward the electron trajectory ͑positive direction of z axis͒, while by the term repulsive we denote that the particle will move away from the electron trajectory ͑negative direction of z axis͒. This response is similar to the dispersive coupling in a harmonic oscillator with Ͻ l attractive and Ͼ l repulsive. The line shape of the momentum transfer spectrum corresponding to the excitation of the plasmon modes can be understood by looking at the analytical expression of the transverse force in the case of a nonretarded electromagnetic interaction, 35 which depends only on the real part of the ␣ l polarizability,
Substituting the Drude dielectric function, Eq. ͑11͒, into Eq. ͑14͒ and plotting it as a function of the frequency, exhibits the same Lorentzian derivative shape around the modes, as the ones shown in Fig. 2͑b͒ . Even if Eq. ͑14͒ is a quasistatic approach of the transverse force that serves to understand in simple terms the spectral line shape around the resonances, it is important to stress that all the calculations presented in this work are performed by fully solving Maxwell's equations, therefore, in a full electrodynamical treatment including retardation effects. Integrating over the frequency the contribution of all plasmon modes ͑which has to be done very carefully due the fine cancellations between positive and negative contributions͒, we obtain the total momentum transfer for each impact parameter b. In this way, it is possible to know if the total interaction between the electron and the particle will be attractive or repulsive.
We show the z component of the total momentum transfer as a function of the impact parameter b, shown as an inset in Fig. 2͑b͒ , where we observe that for large impact parameters there is practically no momentum transfer. The total momentum transfer increases slowly as the electron trajectory approaches to the particle, up to a maximum located around b Ϸ 1 nm. For smaller impact parameters the momentum transfer decreases abruptly, changing sign and becoming repulsive. In Figs. 2͑a͒ and 2͑b͒, we can observe that dP x / d ͑longitudinal component͒ tends to zero in the limit → 0, while dP z / d ͑transverse component͒ tends to a constant value, in a good agreement with previous reports on the longitudinal force experienced by fast electrons near interfaces 26, 35 and small particles. 16 Both the multipolar na-ture of the excitations at small impact parameter and the full retarded description of the interaction are involved in the result of a repulsive force ͑negative sign͒. Variations in the swift electron velocity v within the range of the typical energies used in STEM experiments do change the magnitude of the momentum transfer ͑a few times larger for smaller velocities͒ but do not modify the main features of attraction and repulsion of the forces induced. However, for very low electron velocities, spectral changes in the momentum transfer can be observed with positive net force even for small impact parameters. In this case, the effect of retardation in the multipolar response is reduced.
To understand and corroborate the nature of each plasmon mode in Figs. 2͑a͒ and 2͑b͒, we display the magnitude of the induced electric near field around the spherical particle, for the frequencies of the modes indicated by arrows in Fig.  2͑b͒ . We select an impact parameter b = 0.5 nm as representative of a very-close trajectory. The four contour plots of the near field, shown in Fig. 3 , correspond to the induced electric field in the x = 0 plane, i.e., in the YZ plane perpendicular to the electron trajectory ͑indicated by a black arrow in each of the four near-field plots in Fig. 3͒ and intersecting the center of the nanoparticle. In addition to the contour plot, a projection of the field in the YZ plane is displayed on top of each graph for a better appreciation of the distribution of the induced electric field around the particle. The top-left plot in Fig. 3 corresponds to a frequency of ប = 8.72 eV, where the lower energy plasmon mode is located ͓see Fig. 2͑b͔͒ . The spatial distribution of the near field confirms that this mode is indeed a dipolar plasmon mode. This is in a good agreement with the theoretical prediction of the l modes for a small spherical particle, located at frequencies l = p ͱ l / ͑2l +1͒, where l = 1 corresponds to the dipolar plasmon mode. The quadrupolar plasmon mode is located at ប = 9.55 eV when l = 2, consistent with the position of the mode in Fig. 2͑b͒ , and also consistent with the induced field pattern shown in the top right of Fig. 3 with four clear peaks around the particle. At a frequency of ប = 9.89 eV, corresponding to l = 3, the identification of the octopolar plasmon mode in the near-field plot ͑see bottom-left plot in Fig. 3͒ is not so straightforward, due to the superposition of higher multipolar plasmon modes that lie very close in energy. The planar surface plasmon mode s = p / ͱ 2 ͑which corresponds to the limit l → ϱ͒ is located at ប = 10.68 eV in aluminum. It is possible to observe in the bottom-right plot in Fig. 3 how the induced electric field is concentrated in a small region closer to the electron trajectory, consistent with the high-order multipolar nature of this peak.
To evaluate the strength of the forces for different particle sizes, we also study the case of a larger spherical particle of radius R = 40 nm. We also characterized the particle by a Drude-type dielectric function with the same parameters p = 15.1 eV and ⌫ = 0.15 eV. The particle is centered at the origin of the coordinate system and surrounded by vacuum. We assume a fast electron traveling with the same velocity v. The differential momentum transfer per unit frequency along the x component, dP x / d ͑longitudinal component͒, for the R = 40 nm Drude-type spherical particle, is shown in Fig.  4͑a͒ . Compared with the small particle case, it can be observed that more plasmon modes are activated and that the dipolar plasmon mode is not longer the most efficiently excited mode. 15 In this case, the higher order ͑larger energy͒ plasmon modes have an important contribution to the momentum transfer. One can also see in Fig. 4͑a͒ that, while the lower plasmon modes give contribution along the particle direction to the total momentum transfer ͑positive sign in the spectrum͒, higher multipolar modes give a contribution in the contrary direction ͑negative sign in the spectrum͒. Integrating to all frequencies we obtain the total momentum transfer for each impact parameter b, shown in the inset of Fig. 4͑a͒ . For large impact parameters there is practically no momentum transfer, but as the electron gets closer to the particle, the momentum transfer increases quickly, in a similar way as in the small particle case ͓see Fig. 2͑a͔͒ . However, in the case of a big particle, we observe that the momentum transfer along the particle trajectory reaches a maximum located at around b Ϸ 2 nm and then decreases rapidly for closer impact parameters. The momentum transfer along the x component remains always positive, or in terms of the interaction, the particle is always pushed along the electron trajectory. Compared with the small particle case, the momentum transfer in this case ͑R =40 nm͒ is around one order of magnitude larger.
The z component ͑transverse to the electron trajectory͒ of the differential momentum transfer per unit frequency, dP z / d, for the big particle case ͑R =40 nm͒ is shown in Fig. 4͑b͒ . As for the x component ͓see Fig. 4͑a͔͒ , the higher order plasmon modes are excited very efficiently, and similarly, the lower energy modes give an attractive contribution to the total momentum transfer while the higher energy modes give a repulsive contribution. This behavior can be understood as a superposition of a Lorentzian derivativelike shape for each plasmon mode, overlapping the negative region for frequencies larger than the frequency l of each mode l, with the positive region of the subsequent mode, for frequencies below l+1 . The plasmon modes are located closer to each other as l increases, therefore when these higher energy plasmon modes are excited, i.e., when there is large density of states of these higher energy modes, the negative region overcomes the value of the positive region of the next mode. Even though more plasmon modes are activated, the total momentum transfer as a function of the impact parameter ͓see inset of Fig. 4͑b͔͒ shows a similar behavior ͑although smoother͒ as in the small particle case ͓see inset of Fig. 2͑b͔͒ , i.e., for large impact parameters there is practically no momentum transfer, and it increases slowly as the electron trajectory gets closer to the particle. A maximum for the momentum transfer is reached ͑at around b Ϸ 6 nm for the big particle case͒, then the momentum transfer de- creases rapidly for smaller impact parameters, becoming repulsive for very small impact parameters ͑b Ϸ 3 nm͒. Numerically, the momentum transfer in the z component for this case ͑R =40 nm͒ is around three orders of magnitude larger than the small particle case. We also calculate the induced electric near field around the particle ͑R =40 nm͒, for the two frequencies indicated by an arrow in Fig. 4͑b͒ ͑impact parameter b = 0.5 nm͒. The near-field plots shown in Fig.  4͑c͒ , correspond to the induced electric field in the YZ plane perpendicular to the electron trajectory ͓indicated by a black arrow in each of the two near-field plots in Fig. 4͑c͔͒ . The two-dimensional ͑2D͒ projection of the induced near field in the YZ plane is displayed on the top of their respective contour plots. From the near-field spatial distribution of the lowest-energy ͑dipolar͒ plasmon mode at ប = 8.49 eV ͓see left-hand side in Fig. 4͑c͔͒ , it is difficult to identify the nature of the plasmon mode. The reason for this is that the electric field cannot excite efficiently the dipolar mode that also involves the excitation of the farthest side of the particle, opposite to the electron trajectory. The plasmon modes are redshifted ͓see Fig. 4͑b͔͒ for large particles with respect to those in the small particles ͓see Fig. 2͑b͔͒ due to the effect of retardation. At the energy of the planar surface plasmon mode, ប = 10.68 eV, it is possible to observe a strong localization of the induced electric field in the region nearby the electron trajectory ͓see right-hand side in Fig. 4͑c͔͒ , similar to the small particle case ͑bottom-right plot in Fig. 3͒ . The strength of the induced field for this higher order mode is about one order of magnitude larger than the strength of the induced field associated with the dipolar mode. The values for both dP x / d → 0 and dP z / d → constant in the limit of → 0 can also be observed in this case. Interestingly, the longitudinal component of the momentum transfer also presents a negative contribution at the position of the planar surface plasmon ͑ s Ϸ 10.68 eV͒, similarly to the transverse component. This is an effect of the higher order multipoles. 
The dashed line is a guide to the eyes. ͑c͒ 3D plot and 2D projection on top, of the magnitude of the induced electric field in the vicinity of a Drude-type particle of radius R = 40 nm, with an impact parameter of the electron trajectory ͑indicated by a black arrow͒ of b = 0.5 nm, for two selected values of the frequency denoted by arrows in ͑b͒.
B. Gold nanoparticle
To apply the concept of attractive and repulsive range of impact parameters in a realistic situation, let us consider a single small gold nanoparticle of radius R = 1 nm. We calculate the differential momentum transfer per unit frequency for both x ͑longitudinal͒ and z ͑transverse͒ directions for different impact parameters between b = 0.3 nm and b = 2 nm, as shown in Figs. 5͑a͒ and 5͑b͒ , respectively. We use the bulk experimental data 29 for the dielectric response of gold. This response includes damping and has been shown to be good for particles down to 1 nm. Below 1 nm, a more complex behavior that involves nonlocal effects and size-dependent damping can be expected but this goes beyond the scope of the present work. Both components of the momentum transfer, x and z, have a very different frequency behavior compared to the Drude-type particle case due to the more complex spectral response of gold driven by interband transitions. Here the plasmon modes are not so clearly identified and, for example, in the transverse component of the momentum transfer, the Lorentzian derivativelike shape displayed in Drude-type particle case is lost. The contribution to the total momentum transfer of the low-frequency modes, in this case is not the most relevant. The momentum transfer along the direction of the electron trajectory ͑x component͒ is dominated by excitations of energy between 10 and 60 eV, while in the case of the z component, we can observe that the low-energy modes, less than 25 eV, gives an attractive contribution to the total momentum transfer, and for larger frequencies the contribution is dominantly repulsive. We also observe that, for both x and z components, it is necessary to integrate up to very high energies in the frequency domain to obtain the total momentum transfer. Nevertheless, the total momentum transfer as a function of the impact parameter b for both x and z components, behaves in a similar way to the small Drude-type particle case, with values of around one order of magnitude larger for the gold case. For the x component ͑longitudinal͒, the total momentum transfer as a function of the impact parameter b ͓shown as an inset in Fig.  5͑a͔͒ , increases monotonically as the electron gets closer to the particle, while for the z component, shown as an inset in Fig. 5͑b͒ , there is a maximum located around b Ϸ 1 nm ͓as in the small Drude-type spherical particle, see Fig. 2͑b͔͒ and then a rapid decrease for smaller impact parameters, changing sign and becoming repulsive as the electron trajectory gets closer to the particle. In Fig. 5͑c͒ we show two nearfield plots for the induced electric field, for selected frequencies as indicated by arrows in Fig. 5͑b͒ . For the low-energy plasmon mode, ប = 2.3 eV, it is not possible to identify the nature of the plasmon mode since several surface modes pile up around this energy value. For larger energy ប = 38 eV, we observe a strong localization of the field in the region closer to the electron trajectory. Finally, as a general trend, we can conclude that the momentum transfer for metallic particles with large electron impact parameters pulls the particle toward the electron beam, whereas for closer impact parameters, where higher order multipole modes are excited, the particle is pushed away from the electron beam.
IV. MOMENTUM TRANSFER IN A NANOPARTICLE DIMER
We analyze now the effects of the presence of a second particle in the momentum transfer. In the case of an electron beam passing near a metallic dimer, we consider the geometry depicted in Fig. 1͑b͒ , consisting of two identical spherical particles characterized by a Drude-type dielectric function. We study two cases: a dimer of two small particles and a dimer of two big particles. As a realistic situation, we also consider a gold dimer. We calculate the momentum transfer to the top particle of the dimer ͑closest one to the electron beam͒, following a similar strategy as in the one singleparticle case. The fast electron produces the external field ͑expressions introduced in the previous section͒ that induces surface charges and currents at the surface of the particles. We focus on the top particle since the momentum transferred to the bottom particle ͑furthest one with respect to the electron beam͒ is much smaller in magnitude due to the larger distance to the electron beam. The coalescence effect therefore will be governed basically by the force on the top particle. Due to the complexity of the dimer geometry, we calculate numerically the induced fields around the particles with use of the boundary element method. 36, 37 We explore the momentum transfer as a function of the impact parameter b and also as a function of the separation distance between the particles in the dimer, d. We also analyzed the effect of the size of particles in this dimer configuration.
A. Drude-type nanoparticle dimer
We study first the case of two identical small particles in a dimer configuration, as shown in Fig. 1͑b͒ . The radii are R = 1 nm and the particles are separated by a distance d = 0.25 nm. We consider the dimer embedded in vacuum and both particles characterized by the Drude response ͓see Eq. ͑11͔͒ with p = 15.1 eV and ⌫ = 0.15 eV. We calculate numerically the electromagnetic fields self-consistently, i.e., considering the interactions between the electron and the two particles in the dimer, and calculate the momentum transfer from the electron to the top particle in the dimer ͓see Fig.  1͑b͔͒ . The results of dP x / d ͑longitudinal component͒ and dP z / d ͑transverse component͒ as a function of , for several impact parameters in the range b = 0.5-10 nm, are shown in Figs. 6͑a͒ and 6͑b͒ , respectively. The momentum transfer is calculated for the top particle, highlighted with a solid thick circle in the insets of both Figs. 6͑a͒ and 6͑b͒.
For dP x / d as a function of ͓see Fig. 6͑a͔͒ , we observe a similar behavior as in the case of a single small Drude sphere ͓see Fig. 2͑a͔͒ , but a more complex modal structure and a redshift of the positions of the resonances is present due to hybridization of the modes of the two spheres. For example, the lowest-energy resonance for the single-particle case is located around ប = 8.72 eV, while for the dimer it is located around ប = 7.4 eV, which is a hybridized bonding plasmon localized at the junction between the two spheres. 17, 20, 21 The momentum transfer to the top particle in the dimer, obtained after integration over all frequencies, is plotted as a function of the impact parameter b, and shown as an inset in Fig. 6͑a͒ , exhibiting a similar behavior as for the one small single-particle case, i.e., a monotonic decrease in momentum transfer as the electron gets further from the dimer. However, the spectra for the transverse component, along the direction of the dimer axis, dP z / d ͓see Fig. 6͑b͔͒ presents a totally different trend, compared to the case of a small single particle. In this case, the resonances, though redshifted, do not exhibit a Lorentzian derivativelike shape and the contribution to the momentum transfer is repulsive at practically all frequencies. This functional dependence has an impact in the momentum transferred to the top particle, as a function of the impact parameter ͓see inset in Fig. 6͑b͔͒ , where we observe that the interaction between the electron and the top particle is repulsive for all impact parameters considered. It is clear that in this case, the generation of the bonding dimer modes associated with the dimer interaction governs the physics of the momentum transfer. We can analyze deeper the nature of the modes excited in this case. In Fig. 6͑c͒ , we show two near-field plots of the magnitude of the induce electric field around the two spheres, for selected frequencies marked by the arrows in the spectrum of 6͑b͒. For the plasmon mode located at ប = 7.4 eV, the nearfield plot ͓see left plot in Fig. 6͑c͔͒ shows a strong interaction between the two particles, that is, a strong enhancement of the induced electric field in the space between the two particles. This is a fingerprint of a bonding dimer plasmon that is very effectively excited as a consequence of the proximity of the two spheres, piling up charge density at the dimers cavity. For higher frequencies, close to the planar surface plasmon ប = 10.68 eV, the field is concentrated in the region close to the electron trajectory due to the delocalization of these higher energy modes.
Since the main features in a dimer are determined by the bonding plasmons formed at the cavity, one can expect a smaller dependence of the sign of the force as a function of impact parameter. In Fig. 7 , we compare the total momentum transfer in the direction transverse to the electron trajectory for the single-particle case and the top particle in the dimer ͑radii R =1 nm͒ as a function of electron impact parameter. We can clearly see the effect of locating a second particle below: in the case of one single particle, the interaction between the electron and the particle is repulsive only for extremely close electron trajectories. When placing a second particle below, the interaction between the top particle and the electron becomes repulsive for all the impact parameters considered. The effect of the presence of a second particle below is to pull the top particle down, toward the bottom particle, thanks to the excitation of bonding dimer plasmons localized in the cavity between both particles. This effect can be qualitatively understood by considering this induced charge associated with the bonding mode at the gap, which present opposite charges on adjacent spheres. Furthermore, in the quantitative analysis of the effect, it is remarkable that for the closest impact parameter b = 0.5 nm, the momentum transfer in the dimer case due to the presence of the bottom particle is four orders of magnitude more repulsive than for the case of a single particle.
To activate higher order modes within the cavity, we also consider the case of larger identical particles in a dimer configuration, with radius R = 40 nm and separation distance d = 1 nm. We calculate the differential momentum transfer ͑to the top particle in the dimer͒ per unit frequency along both directions dP x / d and dP z / d, shown in Figs. 8͑a͒ and   8͑b͒ , respectively. For the x component ͓in Fig. 8͑a͔͒ similarly to the small dimer, a more complicated structure of the modes ͑modes pile up͒ can be observed when compared with the case of a big single particle ͓see Fig. 4͑a͔͒ , alternating the sign between the contribution of each plasmonic mode. Due to the size of the particles, the lower energy hybridized modes in the system are not efficiently excited, thus in this case the redshift of the modes is harder to observe. Integrating the contribution to all frequencies, we obtain the momentum transfer P x to the top particle in the dimer as a function of the impact parameter b ͓inset of Fig. 8͑a͔͒ . showing a similar behavior as for the single-particle case. This means that the high-order modes responsible for the longitudinal force in large particles are very similar both for single particles and particles in dimers due to their delocalization. Moreover, quantitatively the momentum transfer for both cases: single particle and top particle in the dimer ͓see Figs. 4͑a͒ and 8͑a͔͒, is of the same order of magnitude, and we can see that in both cases the maximum of intensity of the momentum transfer as a function of the impact parameter is reached at around b = 2 nm. This implies that the presence of the second particle is not relevant for the longitudinal momentum transfer in big particles. For the z component ͓see Fig. 8͑b͔͒ , we also observe a more complicated dependence on frequency of dP z / d, in comparison with the singleparticle case, and the redshift of the modes is also hard to observe in the spectrum. However, the high-energy modes still contribute with negative sign ͑attractive force between particles͒ to the momentum transfer. The momentum transfer P z to the top particle in the dimer as a function of the impact parameter b, inset in Fig. 8͑b͒ , shows relevant differences between the dimer and single-particle cases: in the case of the dimer, the momentum transfer results in a repulsive force between top particle and electron ͑attractive force between particles͒ for all impact parameters considered while in the single-particle case the force between particle and electron becomes repulsive only for impact parameters smaller than 3.5 nm. We also notice that there is no significant difference in magnitude between the total momentum transfer of one single-particle and dimer cases, in contrast with the small particle calculations, meaning that there is an overall smaller influence of the bonding localized plasmons in large par- ticles, as expected. In Fig. 8͑c͒ we plot the magnitude of the induced field around the particles for two frequencies marked by arrows in Fig. 8͑b͒ . For low frequency ប = 8.8 eV ͓left plot in Fig. 8͑c͔͒ , we observe a strong localization of the field in the gap between the two particles, revealing a strong interaction between the spheres, whereas in the region near to the electron trajectory there is a weak confinement of the field. On the other hand, in the case of the planar surface plasmon mode at ប s = 10.68 eV, shown on the right-hand side of Fig. 8͑c͒ , the localization is intense nearby the electron trajectory, and disappears in between the particles.
The effect of placing a second sphere below the top particle can be clearly observed when we compare the total momentum transfer in the transverse direction for a singleparticle and for the dimer cases ͑R =40 nm͒, in Fig. 9 . The effect is similar to the case of small particles ͑see Fig. 7͒ , even though in this case there is no such large difference in the magnitude of the momentum transfer. A key point to understand this is that for large particles ͑R =40 nm͒ the fields produced by the electron are mainly high-order modes localized in the proximity of the electron trajectory when the electron passes near the particle, thus no significant charge density is generated in the other side of the big particle ͑cav-ity͒ and therefore diminishing the effect of the presence of a second particle.
In general, we can conclude that the effect of placing a particle close to another particle is to pull the top particle toward the bottom particle. This conclusion is based in the results of comparisons between the single-particle and the dimer cases ͑see Fig. 7 for small particles and Fig. 9 for large particles͒. As pointed out, the intensities of the momentum transfer present very different values between one single particle and dimer for the small particles case while it is of the same order of magnitude for large particles.
It is well known that the hybridization of the modes of single particles depends on the separation distance d, therefore this is a relevant parameter governing the excitation of surface modes in particle dimers. 17, 20 To show this effect, we consider the case of two big spherical particles of radius R = 40 nm and modify the separation distance within the range d = 0.3-10 nm, for three different electron impact parameters: b = 0.5, 5, and 40 nm. We show the results for the momentum transfer to the top particle in a dimer along the z direction ͑transverse direction͒ in Fig. 10 , for these three different impact parameters, as a function of the separation distance between the particles, d. The impact parameter b establishes the sign of the force for the single-particle case. This limit has been represented as a horizontal line for each impact parameter considered in Fig. 10 . As the separation distance between particles d decreases, the momentum transferred to the top particle becomes more negative, i.e., more repulsion between the top particle and the electron is produced, pushing the top particle more intensely toward the bottom one ͑see red dashed lines in Fig. 10͒ . In this way, it is possible even to switch the sign of the force by approaching a second particle ͑change from positive to negative values in Fig. 10͒ . These results confirm the possibility to control the force induced at a particle by the combined design of electron impact parameter and separation distance between particles, as Fig. 10 demonstrates. 
B. Gold dimer
We consider now the situation of a dimer made of gold nanoparticles, as a realistic and experimentally available material. We calculate the momentum transfer from the electron to the top particle in the dimer. We consider the geometry shown in Fig. 1͑b͒ with two identical gold particles of radius R = 1 nm in vacuum and separated by a distance of d = 0.25 nm. We analyze several impact parameters of the electron beam in the range of b = 0.3-10 nm. The plots for both x ͑longitudinal͒ and z ͑transverse͒ directions of the differential momentum transfer per unit frequency for the top particle are shown in Figs. 11͑a͒ and 11͑b͒ , respectively. We observe that both dP x / d and dP z / d show a similar behavior to that in the case of a single gold particle ͓Figs. 5͑a͒ and 5͑b͔͒, however a richer modal structure in the range of 0-20 eV can be appreciated in the spectrum for this dimer case, with noticeable differences in the intensity of the low-energy plasmon mode at ប Ϸ 2.5 eV. For the momentum transfer to the top particle in the x direction as a function of the impact parameter b, similar trends can be observed for one single particle ͓inset in Fig. 5͑a͔͒ and for the dimer case ͓inset in Fig. 11͑a͔͒ . On the contrary, for the z component there are evident differences in the intensity of the momentum transfer as a function of the impact parameter b ͓inset in Fig. 11͑b͔͒ , even though the dependence of dP z / d on exhibits small differences compared with the single-particle case ͓see Fig. 5͑b͔͒ . For all impact parameters considered in the dimer case, the momentum transfer along the perpendicular direction to the electron trajectory on the top particles is always negative, that is, the top particle will tend to move toward the bottom particle in all cases for these external trajectories. In order to clarify the differences in the momentum transfer along the z component between the single and dimer cases, we show in Fig. 12 the momentum transfer P z as a function of b for both gold single particles and gold dimers. While for the single-particle case there is a maximum of attractive interaction between the particle and the electron at around b = 0.7 nm, becoming repulsive for smaller impact parameters, in the case of the dimer, the interaction on the top particle is always repulsive with respect to the electron trajectory, pushing the top particle toward the bottom particle.
We also calculate near-field plots of the magnitude of the induced electric field around the particles, shown in Fig.   11͑c͒ , for two selected frequencies that present resonance peaks denoted by arrows in Fig. 11͑b͒ . For the lower energy plasmon mode ប = 2.3 eV ͓see left plot in Fig. 11͑c͔͒ , we observe that the fields are concentrated both in the gap between the two particles ͑showing a strong interaction between the spheres͒ and in the region close to the electron trajectory ͑marked by an arrow͒. For very high-energy values as ប =38 eV ͓see right plot in Fig. 11͑c͔͒ , the field concentrates mainly in the zone closer to the electron trajectory and there is practically no field between the two particles, showing a weak interaction between the spheres.
V. CONCLUSIONS
We have studied the momentum transfer from a fast electron to a metallic particle, considering spherical particles made of two different materials: aluminum and gold. Two different configurations have been highlighted, a single particle and dimers, to explore how the presence of the second particle modifies the momentum transfer of the top particle, due to the generation of bonding dimer plasmons that localize strongly at the dimers cavity modifying the movement of the particle when the electron beam triggers out these modes. The relevant parameters in the problem: radii of the particle, impact parameter of the electron, and separation distance between particles in the dimer have been analyzed in detail and different behaviors on the motion of the particles have been obtained for different parameter ranges. We can conclude that, in general, the interaction between the particle and the electron is attractive for large values of the impact parameter ͑dipolarlike excitation͒ but the interaction becomes repulsive for close impact parameters ͑population of higher order multipolar excitations͒.
Comparing a single particle characterized by a Drudetype response with a gold particle, the momentum transfer along the electron trajectory shows practically the same trends for both cases and for all impact parameters considered, despite the fact that the dependence of the differential momentum transfer in the x direction is completely different on going from Drude particles to Au particles. For the z component ͑perpendicular to the electron trajectory͒, the momentum transfer as a function of the impact parameter displays a maximum of intensity of attractive momentum transfer ͑particle toward the electron͒ and for smaller impact parameters, the particle-electron interaction becomes repulsive. The behavior for both materials considered is similar so one can conclude that these are common features to all metallic particles. The maximum ͑attractive͒ intensity of the momentum transfer in the z direction for both cases ͑Drude-type and gold particles͒ is located around the same value of the impact parameter and it is directly related with the size of the particle. However, the intensity of the transfer is around one order of magnitude bigger for the case of gold particles due to the contribution of high-energy excitations that contribute to the momentum transfer.
Generally speaking, the effect of placing a second particle in the proximity of a single metallic particle is to pull the top particle down toward the bottom particle for external electron trajectories on the top. We have clearly identified this effect in Drude-type dimers for both small and large particles for all external impact parameters b considered. This effect differs substantially from the single-particle case where the momentum transfer changes in sign as b is modified. Similar trends have been obtained in gold dimers.
We have shown that the relevant parameters such as the size and material of the particles and the separation distance between particles in the dimer, determine the value of the impact parameter at which the transition between an attractive and repulsive interaction occurs. This effect allows for the pulling or pushing of nanoparticles with the fast electron beam on demand and opens the possibility of manipulating and assembling nanoscale objects. Further work can involve the movement of the probe to other symmetry positions: between the two spheres, at a similar impact parameter, or on the line of symmetry to the side of the spheres, for example. This situation might trigger out the excitation of symmetric plasmon modes that could push the spheres away from each other. The substrate effect should also be considered in a twofold manner: on one hand, the induced fields might be slightly modified due to the presence of the substrate even though the main trends will prevail, and on the other hand, cohesion forces between substrate and the particles might establish threshold values for the forces to be actually able to move the particles. Different substrates can present different thresholds that might be suitable for slowing down the motion of the particles allowing direct observation of the particle dynamics. As a summary, electron beams might be an extremely promising tool to manipulate and move some of the tiniest particles of the nanoworld on demand. 
